Non-stoichiometric Zr-based alloys were prepared, and the corresponding electrochemical properties were characterized as hydride electrode alloys. The microstructure and chemical composition of non-stoichiometric Zr-Ti-Mn-V-Ni hydride electrode alloys were systematically investigated by x-ray Rietveld refinement, transmission electron microscopy (TEM), and energy dispersive spectroscopy under TEM observation. C14, C15 Laves phases and non-Laves phases were identified in Zr 1−x Ti x (MnVNi) 2.2 (x ‫ס‬ 0, 0.2, 0.3, 0.4) alloys. Non-Laves phases in Zr 1−x Ti x (MnVNi) 2.2 (x ‫ס‬ 0, 0.2, 0.3, 0.4) alloys are Ti-Zr-Ni phases related to the TiNi phase with pseudo-body-centered-cubic structure of the CsCl type. The evolution of crystallography and phase constitution for Ti-Zr-Ni non-Laves phases with different alloy composition was systematically studied. The influence of the Ti-Zr-Ni phases on the electrochemical properties of non-stoichiometric Zr 1−x Ti x (MnVNi) 2.2 alloys is briefly discussed.
I. INTRODUCTION
The nickel-metal hydride (Ni-MH) system is attractive as a secondary battery because of its high energy density, which arises from the large capacity of the metal hydride electrode. LaNi 5 -related alloys, which possess CaCu 5 structure, are well known as negative electrode materials for practical electrodes. 1, 2 Recently, Zr-based AB 2 Laves phase alloys have attracted attention as second-generation electrode materials, due to their much larger hydrogen absorbing-desorbing capacity compared to LaNi 5 -related alloys. [3] [4] [5] Compositional and structural disorder on a long-range length scale is used to optimize the Zr-based AB 2 -type Laves phase alloys to give higher hydrogen storage capacity and better kinetics than that for AB 5 -type alloys, which are compositionally ordered and crystalline in single phase. 3 The main factors controlling the performance of a metal hydride electrode are the kinetics of the electrochemical processes taking place at the metalsolution interface and hydrogen diffusion within the bulk of the hydrogen absorbing alloy. Both factors are related to the crystallography of the corresponding phases. 5 Information on the phase structure is a basic requirement for understanding the multiphase effect on the hydride properties. 3,6 -15 As mutually substituted, both on the A side and the B side of binary AB 2 alloys, the promising stoichiometric AB 2 -type Zr-Ti-Mn-V-Ni Laves phase alloy system has been extensively studied. 6 -9 This system has both high capacity and kinetics. It was also reported recently that some over-stoichiometric Zr-based Laves phase alloys showed excellent hydriding and electrochemical characteristics compared with the stoichimetric alloys. 10,11 X-ray diffraction (XRD) indicated that the Zr based alloy exhibits at least three crystal structures: body-centered-cubic (bcc), hexagonal, and C14 Laves phase. 3 From synthesis and characterization of separate phases of a particular alloy, it was found that the bcc phase of Ti-containing stoichiometric Zr-based alloy with lattice parameter around 0.3 nm absorbs large amounts of hydrogen. 3 Thus, studies on the electrochemical properties and microstructure of the bcc phase are attracting much more attention. 6, 7 Our previous transmission electron microscopyenergy dispersive spectroscopy (TEM-EDS) study of the multicomponent Zr-based stoichiometric alloy indicated for the first time that the so-called bcc phase with lattice parameter a ‫ס‬ 0.3 nm is actually a pseudo-bcc structure of CsCl-type (TiZr)Ni phase.
14 However, the structure of so-called bcc phase in the over-stochiometric alloy system and the microstructural evolution of the Ti-containing bcc phase with Ti composition variation have yet to be established.
In this paper, we report our studies on the microstructure evolution as a function of Zr 1−x Ti x (MnVNi) 2.2 alloy composition in the range of x ‫ס‬ 0, 0.2, 0.3, 0.4, with particular attention to the structure identification of presented non-Laves phases. The effect of phase structure on the electrochemical properties for over-stoichiometric alloy systems is also discussed.
II. EXPERIMENTAL
The alloys were synthesized by arc melting of pure elements (Zr 99%, Ti 99.5%, Ni 99.9%, Mn 99.75%, V 99.5%) in a water-cooled copper crucible under argon atmosphere. The alloys were melted four times to ensure the compositional homogeneity; 360 mesh powders were made from the alloys as well as Cu. Working electrodes were prepared by cold pressing the alloy and Cu powders under 15 MPa pressure. An alloy:Cu weight ratio of 2:1 was used. The electrochemical behavior of each sample was tested in a three-chamber glass vessel filled with 6 M KOH electrolyte solution. A NiOOH/Ni(OH) 2 counter electrode with large excess capacity and a Hg/ HgO reference electrode was used.
XRD was carried out using a Rigaku /max-B type diffractometer. The Rietveld refinement method was used for the quantitative analysis of phase abundance and the determination of lattice parameters.
Thin foils for TEM observation were prepared by mechanical polishing and ion milling. TEM observations and EDS analysis were carried out in a Philips CM12 (Eindhoven, The Netherlands) electron microscope operated at 120 kV with a point resolution of 3.4 Å.
III. RESULTS

A. Electrochemical behavior of the Zr-based alloys with Ti substitution
The electrochemical capacities and activation process of Zr 1−x Ti x (MnVNi) 2.2 (x ‫ס‬ 0, 0.2, 0.3, 0.4) alloys at room temperature, shown in Fig.1 , indicate that the maximum electrochemical capacity of each alloy is a function of the Ti substitution. At a discharge current of 60 mA/g, the capacity of the Ti-free alloy Zr(MnVNi) 2.2 reached 328 mAh/g after four activation cycles. A small amount of Ti substitution (x ‫ס‬ 0.2) increased the maximum capacity to 382 mAh /g after four activation cycles. Further Ti substitutions (x ‫ס‬ 0.3 and x ‫ס‬ 0.4), reduced the capacity to 350 mAh/g. Although, the electrochemical capacities of the alloy Zr(MnVNi) 2.2 were improved by Ti-substitution up to x ‫ס‬ 0.2, further Ti substitution was of no benefit.
B. Phase component and Laves phase variation due to Ti substitution
The lattice parameters of Laves phases and the abundance of each phase of the alloys determined by x-ray Rietveld analysis, as listed in Table I , show that hexagonal C14 and cubic C15 Laves phases coexisted in the present alloys. With the increase of Ti content, the lattice parameters for C14 and C15 Laves phases decreased, while the abundance of C14 Laves phase increased, and the abundance of C15 Laves phase decreased. As we identified previously by qualitative TEM-EDS analysis in stoichiometric Zr-Ti-Mn-V-Ni alloys, 14 some Ti dissolved in the Laves phase. The variation of Laves phase parameters results from the different Ti content in the Laves phases. Table I 
C. Microstructure of bcc structure related Ti-Zr-Ni phases
The non-Laves phase was composed of Ti, Zr, and Ni elements, as we previously observed in the stochiometric Zr-based alloys.
14 As shown in Table 1 , for x ‫ס‬ 0, the non-Laves phase in the Zr(MnVNi) 2.2 alloy is a tetragonal Zr 2 Ni with space group I4/mcm. The non-Laves phases in the alloys with Ti substitution are (TiZr)Ni and (TiZr) 2 Ni, whose lattice parameters and structure vary with the composition of the alloy Zr 1−x Ti x (MnVNi) 2.2 (x ‫ס‬ 0.2, 0.3, 0.4). The microstructure of non-Laves phases in each Ti-containing alloy was studied systematically by TEM. Figure 2 shows the phase morphology and the diffraction pattern taken from a non-Laves phase area in the Zr 0.8 Ti 0.2 (MnVNi) 2.2 alloy. The A, B, and C diffraction patterns in Fig. 2 were taken from the corresponding A, B, and C areas indicated in the adjacent selected area diffraction image. According to the diffraction patterns, B2-type (TiZr)Ni phase with space group pm3m present in all three diffraction patterns was determined as the main phase of the non-Laves phases. The diffraction patterns in Fig. 2 were taken along the [100] direction of the (TiZr)Ni phase. Some weaker diffraction spots from minor precipitates were clearly observed. The precipitates possess a fixed orientation relationship with the B2-type (TiZr)Ni phase. Two series of selected area diffraction patterns of the precipitates can be easily obtained together with the electron-diffraction patterns of the (TiZr)Ni phase. The diffraction patterns of the P* phase shown in Fig. 2 Fig. 2(c) , are shown in Fig. 4 . By taking the diffraction patterns from TiNi phase as internal reference, the P phase is indexed as a bcc structure with lattice parameter a ‫ס‬ 1.03 nm, which has not been reported previously in the Ti-Ni alloy systems. The complexity of the diffraction pattern in Fig. 2(a) is caused by the coexistence of P phase variants with different orientations. The diffraction contrast images in Fig. 2 show that the P phase is oblate spindle-like. The morphology of P phase precipitating on the (TiZr)Ni phase matrix is more clearly shown in Fig. 5 . Letters A, B, and C indicate the (TiZr)Ni phase, the P phase, and the Laves phase matrix, respectively.
Minor phases, such as P and P*, observed by TEM, were not identified by XRD as listed in Table I , probably due to their low volume fraction. Besides the (TiZr)Ni phase, the other main non-Laves phase is the (TiZr) 2 Ni phase.
The diffraction patterns taken from the (TiZr) 2 Ni phase in the Zr 0.8 Ti 0.2 (MnVNi) 2.2 are shown in Fig. 6 . Some weak diffraction spots are seen in each diffraction pattern. The three-dimensional reciprocal lattice is established, according to the angles between every two neighboring zone axes, as shown in Fig. 7 . A bodycentered-tetragonal structure with lattice parameters [011] positions of the tetragonal lattice. These weaker diffraction spots imply that the identified (TiZr) 2 Ni phase is not of a simple tetragonal structure but has a superlattice that occurs along the (101), (110), (011) plane in the real space of the tetragonal lattice.
Careful comparison indicates that there are some discrepancies in the Ti 2 Ni phase between the x-ray Rietveld refinement results shown in Table I , which are indexed based on crystallography data from the known phases, and the TEM electron diffraction results. The symmetry of (TiZr) 2 Ni phase observed by TEM differs from both the Zr 2 Ni and Ti 2 Ni phases. For Zr 1−x Ti x (MnVNi) 2.2 alloys as x ‫ס‬ 0.3 and x ‫ס‬ 0.4, the B2 type Ti-Zr-Ni phase was not found, and the premartensite R phase was determined by TEM. The formation of R phase on the B2-type (TiZr)Ni phase matrix is accompanied by the appearance of 1/3 diffraction. 14 The oblate spindlelike P phase, as shown in Fig. 8 , precipitated in the R phase matrix instead of in the B2-type (TiZr)Ni matrix, which happened for x ‫ס‬ 0.2, shown in Fig. 5 . A diffraction pattern from the R phase accompanied by diffraction from the P phase is shown in Fig. 9 . Small arrows indicate the diffraction spots from the P phase. It can be seen from Fig. 9 that the P phase still maintains a well-defined orientation relationship with the R phase matrix of [100] R //[100] P.
Diffraction patterns taken from the (TiZr) 2 Ni phase in Zr 1−x Ti x (MnVNi) 2.2 alloys, for x ‫ס‬ 0.3 and x ‫ס‬ 0.4, are shown in Fig. 10 . Even though the lattice spacing, which is indicated by the positions of the diffraction spots, is identical with that in Fig. 6 , the diffraction intensity of the spots in Fig. 10 is substantially different from that of the corresponding ones in Fig. 6 . Fourfold rotation symmetry can be clearly seen in the [100] diffraction pattern of (TiZr) 2 Ni from Zr 1−x Ti x (MnVNi) 2.2 alloys with x ‫ס‬ 0.3 and x ‫ס‬ 0.4. Since the change in relative intensities of the diffraction spots is not accompanied by a change in relative positions for diffraction spots, the transition may be due to a replacement order-disorder phenomenon caused by the different Ti concentrations in the corresponding phases in the different nominal alloys. 17 It is also interesting to note that in most cases, (TiZr) 2 patterns are shown in Fig. 11 B2 . Thus, the (TiZr) 2 Ni phase can be described as being a modulated structure of the B2-type matrix in the (010) plane. Because the lattice parameter is not an integral fraction of the reciprocal lattice vector of the corresponding parent phase, this is a so-called incommensurate phase.
IV. DISCUSSION
The complexity of Ti-Zr-Ni phases can be interpreted according to the Ti-Ni binary phase transformation. [18] [19] [20] [21] One can see in Table I that the abundance of the non-Laves phases remains identical among the alloys with different Ti content. The electrochemical improvement in the Zr(MnVNi) 2.2 alloy after Ti substitution, as indicated in Fig. 1 , can be partly understood by analyzing the microstructural evolution of the non-Laves phases. A previous study has shown that a Zr substituted Ti-Zr-Ni alloy electrode generally has a better corrosion resistance, higher reversible discharge capacities, and a longer cycle life than TiNi x electrodes. 22 The reversible discharge capacities of Ti-Zr-Ni phases are much higher than those for Zr-Ni binaries. The hydrogenation properties of the multiphase alloy are a simple combination of the properties of each non-Laves phase taken independently. 4 Accordingly, the entire hydrogen capacity can be generally enhanced by the precipitation of TiZr-Ni phases in the Zr 1−x Ti x (MnVNi) 2.2 (x ‫ס‬ 0.2, 0.3, 0.4) alloys.
For example, as x ‫ס‬ 0.3 and x ‫ס‬ 0.4, pre-martensite R phase and the (TiZr) 2 Ni/(TiZr)Ni phase will each play a role during the electrochemical reaction. The premartensite is favorable for the hydridation reaction. 14, 15 On the other hand, it is indicated that (TiZr)Ni and (TiZr) 2 Ni coexist in the alloys for x values of 0.3 and 0.4, as shown in Fig. 11 . As the (TiZr)Ni and (TiZr) 2 Ni phases coexist in the alloy, the synergic effect between the (TiZr)Ni and (TiZr) 2 Ni phases must be taken into account. The sintered TiNi/Ti 2 Ni alloy can absorb large amounts of hydrogen, and its electrode discharge capacity can easily reach 320 mAh/g. 23, 24 It is reasonable to deduce that the electrochemical properties would be further improved due to the coexistence of the (TiZr)Ni and (TiZr) 2 Ni phases.
Among the four different alloys that we studied, the alloy with x ‫ס‬ 0.2 shows the highest capacity. The reason for its high performance is still unclear. As indicated in Table I , variation of Ti content in the alloys results in different Ti substitution for Zr in the Laves phase reflected by changes in the Laves phase abundance and the lattice parameters. In addition to the contribution from the non-Laves, the different Ti substitution for Zr in the Laves phase could also play an important role in the high performance of the x ‫ס‬ 0.2 alloy.
V. CONCLUSIONS
The main non-Laves phase in Ti-containing alloys are found to be (TiZr)Ni and (TiZr) 2 Ni phases, which are related to the TiNi phase with pseudo-bcc CsCl-type structure. The existence of such Ti-Zr-Ni phases apparently benefits the electrochemical properties of the Zrbased alloys.
For Zr 0.8 Ti 0.2 (MnVNi) 2.2 (i.e., x ‫ס‬ 0.2), the (TiZr)Ni phase with B2-type structure and long-range ordered tetragonal (TiZr) 2 Ni phase, as well as new minor phases P and P* precipitated in the (TiZr)Ni phase matrix, coexist in the alloy. The crystal structure of P* phase is identified to be a face-centered orthogonal structure, and P phase is identified to be a bcc structure.
For Zr 1−x Ti x (MnVNi) 2.2 with x ‫ס‬ 0.3 and x ‫ס‬ 0.4, the (TiZr)Ni phase transforms to premartensite R phase, and only the P phase precipitates in the supersaturated R phase matrix. The lattice correspondence between (TiZr) 2 Ni phase and (TiZr)Ni phase was determined for the Zr 1−x Ti x (MnVNi) 2.2 (x ‫ס‬ 0.4) alloy to be d͑010͒ (TiZr) 2 Ni = ͌2 × d͑010͒ B2 .
